The lysate from intact chloroplasts mechanically isolated from primary leaves of 9 day old seedlings of wheat (Triticum aestivum L. var Aoba) was incubated in the pH range of 5.5 to 8.5 at 370C for 5 hours. Proteolytic activity against ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco, EC 4.1.1.39) was estimated by disappearance of the large subunit of Rubisco or the appearance of its degradation products. Although the activity in lysates was weak, the products were detected by applying Westem blotting. The degradation products were similar to those obtained when Rubisco was incubated with the lysate of vacuoles isolated from like leaves. Although some of the products were similar to those from vacuole lysates, many were clearly different after incubation of Rubisco with trypsin, V-8 protease, or reactive oxygen (hydroxy radical). Lysates of chloroplasts, pretreated with thermolysin at 40C for 30 minutes, had no proteolytic activity against Rubisco after incubation at 370C for 5 hours. These results show that the proteolytic activity against Rubisco found in lysates of our mechanically isolated chloroplasts was mostly due to the contamination of vacuolar proteases adhering to the outer envelope of the chloroplasts during their isolation.
Rubisco2 (EC 4.1.1.39) is responsible for the primary step of CO2 fixation in C3 plants and exists in chloroplasts as a stromal protein. Rubisco content in leaves is proportional to the rate of photosynthesis throughout the life span of leaves. Thus, the degradation of Rubisco in leaves is an important factor in regulating the rate of leaf photosynthesis, but the mechanism of degradation is not known yet.
Proteolytic activity against Rubisco has been found in the chloroplasts prepared from the protoplasts ofwheat and barley mature leaves (4, 13) . In those studies, the activity was relatively strong and could be assessed by measuring a loss of LSU. There is also a report that mechanically isolated chloroplasts from wheat leaves contained weak proteolytic activity against Rubisco, which could be detected by employing immunoblotting (8) . ' This work was supported in part by Grants-in-Aid for Scientific Research 
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We postulated that the proteolytic activity against Rubisco in chloroplast lysates might be due to a contamination of proteases derived from vacuoles during isolation of chloroplasts. This was based on similar pH dependence and similar responses to protease inhibitors (2) . The purpose of the research reported in this paper was to clarify whether proteolytic activity against Rubisco exists in chloroplasts in vivo, or is derived from other sources during isolation. The degradation products resulting from incubation of chloroplast lysates with Rubisco were compared to those of proteases from vacuoles, using Western blotting with purified anti-LSU antibody. The possible adhering of vacuolar proteases during isolation was examined by treatment of intact chloroplasts with thermolysin, which eliminated proteins attached to the outer envelope.
MATERIALS AND METHODS Plant Material
Wheat (Triticum aestivum L. var Aoba) seeds were planted on a Saran net floating on tap water in a pot and held in a phytotron with a d/night temperature at 20°C/18°C and 70% RH. The photoperiod was 12 h, with a quantum flux density of 250 ,uE m-2 s-' at plant height. Under these conditions, the primary leaves were fully expanded at the 8th d.
Chloroplast Isolation
Chloroplasts were isolated from the primary leaves of 9 d old seedlings by a mechanical method previously described (8) , except that a modified spontaneous gradient of Percoll was employed. Primary leaves of wheat (10 g) were cut into small pieces (1-3 mm wide) with a razor blade, and homogenized for 5 s with 50 mL of a semifrozen buffer containing 50 mm Hepes-KOH (pH 7.6 at 4°C), 0.33 M sorbitol, 2 mm Na2-EDTA, 1 mM MgCl2, 1 mM MnCl2, 2 mM NaNO3, 1 mM NaH2PO4, and 2 mm Na-isoascorbate (grinding buffer), using a homogenizer (Hitachi Mixer VA894, Hitachi Seisakujyo Co., Ltd., Tokyo, Japan). The homogenate was passed through four layers of cheesecloth, and centrifuged for 60 s at 2,500g with an automatic high speed refrigerated centrifuge (Hitachi Koki Co., Ltd. Kyoto, Japan). The pellet was suspended in the grinding buffer and centrifuged again. The washed pellet was resuspended in a 2 mL of the grinding buffer and mixed in a 50 mL centrifuge tube with 35 5.5) . After a 3 h digestion at 25°C, the protoplasts were harvested by gently swirling the incubation medium and filtered through a 148 Am nylon net. The protoplasts were pelleted by centrifuging at 1OOg for 5 min and suspended in a solution containing 0.5 M sorbitol, 1 mM CaCl2, and 0.05% BSA (pH 5.5). They were further purified by a step wise gradient centrifugation of Ficoll (Pharmacia). The 2 mL of protoplast preparation was loaded on a gradient consisting of, in the sequence from the bottom of the tube, each 2 mL of 20%, 15%, and 5% Ficoll solution, all of which contained 0.5 M sorbitol, 1 mM CaCl2, and 0.05% (w/ v) BSA (pH 5.5), respectively. Centrifugation was carried out at 300g for 10 min and the interfaces of 0 to 5% and 5 to 15% gradients were harvested. Purified protoplasts were collected after washing these fractions two times.
Vacuoles were prepared from protoplasts (19) . The purified protoplasts were incubated by gently shaking in 1.25 mL of isolation medium consisting of 0.08 M sorbitol, 0.5% (w/v) BSA, 1 mm DTT, and 75 mm Na2HPO4 (pH 8.0) at 28°C for 5 min. After incubation, the mixture was cooled at 0°C, and 0.75 mL of 20% Ficoll solution containing 0.08 M sorbitol, 0.5% (w/v) BSA, 1 mM DTT, and 75 mm Na2HPO4 (pH 8.0) was added to make a final concentration of 7.5% Ficoll. After 30 min, 2 mL of the isolation medium containing 3% Ficoll and 0.5 mL of a buffer solution containing 0.2 M Na-phosphate and 0.1 M citric acid (pH 6.0) were loaded on the 7.5% Ficoll mixture containing the sample. After centrifugation at 3 1Og for 20 min, purified vacuoles were harvested from the interphase between the top fraction and 3% Ficoll fraction.
Affinity Purification of Anti-LSU Antibody Rubisco was purified from the primary leaves by the method of Makino et al. (10) . The purified Rubisco was subjected to SDS-PAGE (12.5%) (7) , and the Rubisco subunit bands separated on the gel were electrophoretically transferred to a nitrocellulose filter ( 16) . The filter was blocked by incubating it in TBS containing 3% (w/v) gelatin at 37°C for 45 min. The filter was incubated with anti-Rubisco anti-serum (1 1) diluted in TBS containing 1% (w/v) gelatin at 37°C for 90 min, and rinsed three times in TBS containing 0.05% (v/v) Tween-20.
The filter to which anti-LSU specific antibodies adhered was cut out, and the antibodies were eluted from the filter by adding 3.5 mL of 0.2 M glycine-HCl (pH 2.5) and incubating for 2 min (15). The solution was neutralized immediately with 1.75 mL of 1.0 M KH2PO4 (pH 9.0) containing 5% (v/ v) FCS. The neutralized solution was diluted with 6 mL H20, 1 mL FCS, and 3 mL TBS and used for Western blotting.
Purification of LSU as Substrate
The stromal fraction from mechanically isolated chloroplasts was mixed with an equal volume of 100 mM Tris-HCl (pH 6.8) containing 4% (v/v) 2-mercaptoethanol, 4% (w/v) SDS, and 20% (v/v) glycerol, and boiled for 4 min to denature the proteins. These were resolved by 7.5% SDS-PAGE. The gel containing LSU was eluted with electroeluter (Bio-Rad model 422; Bio-Rad Laboratories, Richmond, CA). After elution, the sample was dialyzed for 24 h against 600 mL of buffer containing 50 mm NH4HCO3, the buffer was changed four times, and the LSU was then concentrated with a concentrator (model SVC-IOOH Savant Instruments Inc., Farmingoale NY).
Thermolysin Treatment
Intact chloroplasts were treated with thermolysin (Wako Fine Chemicals, Osaka, Japan) in the grinding buffer containing 0.33 M sorbitol and 2 mm CaCl2 at 4, 25, and 37°C for 30 min. Final concentration of thermolysin in the reaction mixture was 50 ug mL-'. The reaction was terminated by the addition of 100 mm EGTA (final concentration 10 mM). Preliminary experiments showed that the thermolysin activity was completely inhibited by the addition of EGTA (final concentration 10 mM). EGTA had no effect on the degradation of intrinsic LSU by chloroplast lysates. Thermolysin treated chloroplasts were collected by centrifugation at 2,500g for 60 s, and lysed in a 24 mm Hepes buffer (pH 7.5). The mixture was incubated at 37°C for S h in a Hepes buffer (pH 7.5) under the conditions described in the legend to Figure 2 .
Western Blotting
The protein transfer procedure was adapted from Towbin (16) . The peptide bands separated on the gel were electrophoretically transferred to a nitrocellulose filter (Bio-Rad) in a gel destainer (Marysol KS-8440GMT Type, Marysol Industry Co., LTD., Tokyo). Additional protein binding sites on the filter were blocked by incubating the filter for 45 min at 30°C in 20 mm Tris-HCI buffer (pH 7.5) containing 0.5 M NaCl and 1% (w/v) gelatin. The filter was incubated with anti-LSU specific antibodies diluted to 20 mm Tris-HCl buffer containing 0.5 M NaCl and 1% (w/v) gelatin for 1 h at 30°C, and rinsed three times in 20 mM Tris-HCl buffer (pH 7.5) containing 0.5 M NaCl and 0.05% (v/v) Tween-20. The filter was further incubated for 1 h at 30°C with horseradish peroxidaseconjugated goat anti-rabbit IgG antibodies (Bio-Rad), which had been diluted 3000-fold with 20 mM Tris-HCI buffer (pH 7.5) containing 0.5 M NaCl and 1% gelatin. The 
RESULTS AND DISCUSSION

Rubisco Degradation
Degradation products formed from intrinsic Rubisco in chloroplast lysates are shown in Figure 1A . The assay was performed in the presence of 0.1% (w/v) SDS at pH 5.5, 6.5, 7.5, and 8.5 because the presence ofSDS enhanced the activity (2, 4, 8, 13) . The degradation products of LSU were detected by using Western blotting with a purified anti-LSU antibody. Since the activity was low, it was difficult to estimate it by measuring the loss of LSU using PAGE stained with Coomassie brilliant blue. By using Western blotting, however, several bands of degradation products of LSU were detected (Fig. 1A) . Degradation products of LSU were found at all the pH values examined. Among the products, the 35 kD band was conspicuous as previously reported (8) . When the assay was performed in the absence of SDS in the reaction mixture, no degradation products were found (data not shown).
To determine the localization of the proteolytic activity, purified chloroplasts were burst and separated into soluble and insoluble fractions. Figure lB shows the proteolytic activities of the insoluble fraction of chloroplasts from the same sample of leaves used in Figure IA . Purified LSU was added into the reaction mixtures as substrate. A number of degradation products of the LSU were found in the reaction mixture, irrespective of the presence or absence of SDS, since the purified LSU was previously denatured with SDS (Fig. 1B) . Only the results without the addition of SDS are shown. In contrast, no degradation products of LSU were found in the reaction mixture containing the soluble chloroplast fraction after the incubation in the presence or absence of 0.1 % SDS under the same conditions (data not shown). Figure 1 C shows the pattern of degradation products of the purified LSU catalyzed by vacuolar proteases. These patterns were very similar to those using the insoluble fraction of chloroplasts (Fig. 1B) . In fact, most of the degradation products found in the incubated lysate ofvacuoles with the purified LSU (Fig. 1 D, lane 2) were also found in the incubated lysate of the chloroplasts (Fig. 1 D, lane 1) . Some of the degradation products from trypsin, V8-protease, and reactive oxygen ( To examine the above possibilities, intact chloroplasts were treated with thermolysin. Thermolysin is a useful protease which destroys only the outer envelope polypeptides but not those of the inner envelope under specific conditions (3). In addition, chloroplasts can be maintained intact for selected times. If the chloroplasts and vacuoles contain similar proteases, LSU degradation should be found in chloroplast lysates after treatment with thermolysin. On the other hand, if vacuolar proteases are attached to the outer envelope, thermolysin should digest them and no LSU degradation should be detected. No degradation products of LSU were found after incubation ofthe lysate from thermolysin-treated chloroplasts at 40C (Fig. 2, lane 1 ). This result clearly shows that the proteolytic activity was located on the outer membrane and was digested during the preincubation with thermolysin. It is also evident that the intactness of thermolysin treated chloroplasts at 40C was maintained during the 30 min incubation. Otherwise, the intrinsic LSU would be degraded the same as lane 6 (Fig. 2) . When the burst chloroplasts were preincubated with thermolysin before the addition of EGTA, many degradation products were found (Fig. 2, lane 6 creased and a new band appeared just below the LSU (Fig. 2,  lanes 2 and 3) . The results from Figures 1 and 2 clearly indicate that most of the proteolytic activities detected in the chloroplast lysates were caused by a contamination of vacuolar proteases bound to the outer envelope.
LSU Degradation by Vacuolar Lysates
Evidence has been found that Rubisco can be degraded in chloroplasts of intact leaves (9, 12, 17) . The following possibilities may account for our not finding proteolytic activity associated with chloroplasts. (a) The degradation of Rubisco may have occurred, but its quantity was too low to detect by Western blotting; (b) the degradation of Rubisco may not have occurred under the conditions employed because some important factors may have been missing in the in vitro system; (c) a modification of Rubisco may be required for its recognition as a substrate for proteases. For example, these modifications might be caused by reactive oxygen (5, 6, 14) , kinase (18) , or aminopeptidase (1); and (d) intact chloroplasts, in which proteolytic activity against Rubisco may not be active, may have been preferentially isolated by the procedure employed here.
In summary, contamination of organelles by vacuolar proteases should be considered when intracellular localization of proteolytic activities is studied.
Proteolysis of Rubisco in isolated chloroplasts from senescing leaves will be a future study, but we expect the successful isolation of senescing chloroplasts to be quite difficult, since chloroplasts do not senesce synchronously. It could well be that only the nonsenescing ones may be isolated whereas the senescing ones may burst due to lability.
